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The nucleocapsid protein (N, 525 amino acids) of measles virus plays a central role in the replication of the viral genomic
RNA. Its functions require interactions with itself and with other viral components. The N protein encapsidates genomic
RNA, a function reflected in its ability to self-assemble into nucleocapsid-like particles in the absence of other viral proteins.
The substrate for the packaging of nascent RNA during RNA replication is a complex between the N and phosphoprotein
(P). The domains on the N protein that promote binding to P protein and self-assembly have been identified utilizing a series
of N protein deletions. Two noncontiguous regions, amino acids 4–188 and 304–373 of N protein, are required for the
formation of the soluble N–P complex, while deletion of amino acids 189–239 did not affect N–P binding. Amino acids
240–303 appear to be necessary for the stability of the protein. The N-terminal 398 amino acids are all required for the
formation of organized nucleocapsid-like particles, since deletion of the central region from amino acids 189–373 completely
abolished N–N interaction, and deletion of amino acids 4 –188 and 374–492 caused the formation of unstructured aggre-
gates. q 1996 Academic Press, Inc.
Measles virus (MV), a member of the morbillivirus ge- tion of the nascent leader RNA the RNA polymerase cata-
nus of the paramyxovirus family, is an enveloped virus lyzes the binding of the N protein in a sequence specific
containing a single negative (0) strand RNA genome (for manner. The cooperative assembly of N protein coupled
a review, 1). The virion RNA is packaged by the nucleocap- with further RNA elongation masks the putative consensus
sid protein (N, 525 amino acids) within a helical ribo- signals at each gene boundary, preventing polyadenyla-
nucleoprotein particle or nucleocapsid. The association tion, termination, and reinitiation to yield the full-length,
between the RNA and the N protein is very stable, since assembled nucleocapsid.
nucleocapsids are resistant to dissociation by high salt When expressed in the absence of other viral proteins,
concentrations and to nuclease digestion (2, 3). The virus- the N proteins of several (0) strand RNA viruses self-
encoded RNA dependent RNA polymerase consists of two assemble into nucleocapsid-like particles (10–12), which
subunits, the phosphoprotein (P, 507 amino acids) and for MV are found predominantly in the nucleus (13).
the large protein (L, 2183 amino acids), and is associated Huber et al. (13) have shown that complex formation
with the nucleocapsid in the virion (4–8). The template for between the measles N and P proteins retains the N
the viral RNA polymerase is the nucleocapsid RNA and protein in the cytoplasm. Presumably it is the N–P com-
naked RNA is not transcribed. Transcription initiates at plex that serves as the source of N protein for encapsida-
the 3* end of the nucleocapsid RNA yielding sequentially tion during replication, releasing P as N assembles into
leader RNA and then the N, P/V/C, M, F, H, and L mRNAs. the nucleocapsid. Similarly, for Sendai virus the coex-
The most unusual feature of genome replication of (0) pression of the NP and P proteins is essential for com-
strand RNA viruses, which distinguishes it from transcrip- plex formation, preventing self-assembly of NP, and for
tion, is that the synthesis of both the (/) and (0) strand RNA replication (14 ). Based on its known functions, the
genome length RNAs is coupled to their concomitant en- N protein must have at least three domains: a binding
capsidation by the N protein. The model for replication site for P protein to form the N–P encapsidation complex,
(summarized in 9) proposes that to initiate the encapsida- one or more N–N interaction site(s) for the assembly of
nucleocapsids, and an RNA binding domain for initiation
and elongation during packaging. None of these sites
1 Present address: Measles Virus Section, Division of Viral and Rick- has been mapped.
ettsial Diseases, Centers for Disease Control, 1600 Clifton Rd., Atlanta,
To begin the characterization of the functional domainsGA 30333.
2 To whom reprint requests should be addressed. of the MV N protein, we mapped the sites on the N
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protein where P protein binds. An efficient mammalian
expression system has been used to study (0) strand
RNA virus protein and RNA synthesis (14–17 ). Cells are
infected with a recombinant vaccinia virus (VVT7) con-
taining the T7 RNA polymerase gene under the control
of a vaccinia virus promoter (18) to drive expression of
transfected plasmids containing viral genes cloned
downstream of the T7 promoter. We developed an assay
for measuring N–P complex formation with the use of
a glutathione S-transferase–MV P fusion protein (gstP),
where the interaction of N protein with the P moiety of
gstP is measured by its cobinding with gstP to glutathi-
one–Sepharose beads. The gstP plasmid was con-
structed by insertion of the PCR amplified gst gene from
pTM1-gst (19, from Dr. M. Merchlinski, NIH) in frame into
FIG. 1. Complex formation between the MV N and gstP proteins.
the SpeI site between the T7 promoter and the P gene A549 cells in 60-mm dishes were infected with VVT7 at a m.o.i. of 2.5
in pBS–P (20). and transfected with lipofectin (BRL) at 1 hr postinfection with either
no plasmid or 5 mg of the plasmids, pBS-N, MV p-gstP, or Sendai virusA549 cells were infected with VVT7 and transfected
(SV) p-gstP as indicated at the top. The transfected cells were labeledwith various combinations of plasmids with either the
with Tran35S-label (100 mCi/ml, ICN) in medium lacking methionine andMV N gene or the MV gstP gene cloned downstream of
cysteine from 5 to 10 hr post-transfection. Cytoplasmic cell extracts
the T7 promoter. The transfected cells were labeled with (300 ml) were prepared in MV salts (0.1 M HEPES, pH 8.0, 0.05 M
Tran35S-label and cytoplasmic extracts prepared in MV NH4Cl, 1 mM DTT, 1 mM spermidine, 4.5 mM MgOAc, 7 mM KCl) plus
0.25% (w/v) NP-40 and clarified at 13,000 rpm for 15 min. Samples (70salts with the addition of NP-40, conditions which pre-
ml) were either immunoprecipitated with rabbit a-MV sera (1 ml) andserve interactions between MV proteins (3). Immunopre-
collected with inactivated S. aureus (Cowan strain) (IP) or bound tocipitation (IP) with a-MV sera (17 ) showed that transfec-
glutathione–Sepharose beads (Pharmacia) (B) as indicated at the bot-
tion with the gstP plasmid in this expression system gave tom. The IP and bead bound samples were analyzed on 12.5% poly-
rise to two forms of the gstP fusion protein (Fig. 1A, lane acrylamide–SDS gels (SDS–PAGE). The bead bound samples were
exposed to film threefold longer than the IP samples. The positions of2). These are analogous to the two forms of P protein
MV N and gstP proteins are shown and the position of the Sendai (SV)synthesized in MV-infected cells which are thought to be
gstP protein is indicated by the asterisk.due to post-translational modification, perhaps phos-
phorylation (5, 21). In addition, by virtue of the gst portion
of the fusion protein gstP bound to glutathione beads (B) show that this assay is specific for the measurement of
MV N–P complex formation and confirm the interactionas expected, whereas proteins from mock transfected
cells did not bind (Fig. 1A, lanes 4 and 3, respectively). measured previously by the coimmunoprecipitation (13)
and cosedimentation (23) of the two proteins.In general, the immunoprecipitation of the proteins was
more efficient than the bead binding, so the exposure In order to map the P binding site on the N protein,
we constructed a series of deletions throughout the Ntime for the latter varied in this and the following experi-
ments as indicated in the figure legends. The lower mo- gene yielding the proteins shown schematically in Fig.
2. The ND4–119 and ND240–303 deletions were pro-lecular weight bands (Fig. 1A, lane 4) are thought to
be truncated or proteolysis products of gstP which still grammed by PCR with synthetic oligonucleotides (24 ).
For ND4–119 we used a primer (A) containing nt 109–contain the gst moiety.
To demonstrate that the gstP fusion protein could be 117, including a natural Bal I site, followed by nt 466–
481 which joined, in frame, codons 3 and 120; and theused to measure N–P complex formation, cells were
transfected with the MV N plasmid in the presence or 3* primer (B) containing nt 1686–1675 downstream of an
XbaI site. The PCR product was digested with Bal I andabsence of the gstP plasmid and the proteins radiola-
beled. Immunoprecipitation of cytoplasmic cell extracts XbaI and cloned into pBS–N at those sites. Using the
two-stage PCR-based overlap extension strategy, left andshowed that the proteins were synthesized (Fig. 1B, lanes
1 and 2) and that MV N cobound to glutathione beads right arms for ND240–303 were constructed with either
the outside 5* primer C (nt 109–126) or the 3* primer Bin the presence (lane 4), but not in the absence (lane 3),
of gstP protein. As a control for the specificity of complex and the appropriate inside overlapping complementary
primers that delete the region encoding amino acidsformation, MV N protein was coexpressed with a Sendai
virus (SV) gstP fusion protein (22). These proteins were 240–303 by joining nt 825 to nt 1018, respectively. A
mixture of the two purified overlapping PCR productsboth expressed (Fig. 1C, lanes 1 and 2), but MV N protein
did not cobind with SV gstP to beads (lane 4). N protein, was used for further PCR amplification using primers C
and B. The final product was digested with Bal I and XbaItherefore, did not bind to the gst portion of the fusion
protein or to a heterologous viral P protein. These data and cloned into pBS–N at those sites. ND304–331 was
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FIG. 2. Summary of the MV N deletion proteins and their interactions with MV gstP protein and in self-assembly. Internal N gene deletions were
made at restriction sites or by PCR mutagenesis (21) as described in the text, where the numbering refers to the genomic sequence from the 3*
end. The names of the resulting N proteins indicate the deleted amino acids, and the remaining sequences are shown by the solid bars. The
summary of the data on the formation of complexes between the MV gstP fusion protein and the N deletion proteins (right) was determined by the
cobinding assay to glutathione – Sepharose beads in multiple experiments (Figs. 1 and 3). The results for the self-assembly of the mutant N proteins
measured by both centrifugation through glycerol (Fig. 4) and banding on CsCl gradients (Fig. 5) are summarized on the right. ND indicates not
done.
constructed by digestion of the N plasmid at the two BsgI teins whose positions are indicated by the asterisks. The
ND240–303 mutant was not detected in the mammaliansites, the fragment removed, and the vector religated in
frame. The remaining N deletions were constructed in expression system, but by in vitro transcription and trans-
lation a small amount of protein was synthesized (datapSC–N (13) as described by Huber (25) and then di-
gested with Bal I and XbaI and subcloned into pBS–N at not shown). Apparently this mutant protein is unstable in
mammalian cells so that it was not detected even in athose sites. ND189–239 and ND323–373 had an addi-
tional amino acid (gly or thr, respectively) inserted be- short pulse.
To measure complex formation an aliquot of the sam-tween the two deletion points. ND399–456 had two
amino acids (thr–ser) inserted at the deletion. The junc- ples was incubated with glutathione beads and analyzed
by gel electrophoresis. The N deletions, ND189–239tions in each mutant were sequenced to confirm the
deletions. (Fig. 3C, lane 4), ND374–492 (Fig. 3F, lane 4) and
ND399–456 (Fig. 3G, lane 4) all bound gstP protein, simi-To test for synthesis of the deletion proteins VVT7-
infected cells were then transfected with each of the lar to WT N protein (Fig. 1B, lane 4). The ND399–456
protein appears as a doublet and pulse–chase experi-mutant N plasmids in the absence or presence of the
gstP plasmid, labeled with Tran35S-label and the proteins ments showed that the bottom band was synthesized
first with the upper band appearing on the chase (dataanalyzed as in Fig. 1. The IPs of an aliquot of each sample
show that each deletion protein was synthesized both in not shown). The upper band presumably arises by post-
translational modification, perhaps phosphorylation. Thethe absence and presence of the gstP protein (Fig. 3,
lanes 1 and 2, respectively of each panel). The bands N deletion proteins ND120–188 and ND323–373 gave
significantly reduced binding (Figs. 3B and E, lanes 4),below gstP in Fig. 3A, lanes 1 and 2 are vaccinia virus
proteins that nonspecifically immunoprecipitated to vary- while ND4–119 and ND304–331 bound little if any gstP
(Figs. 3A and D, lanes 4). In no case did any N mutanting degrees in individual samples. Extended electropho-
resis times were required to separate the mutant N pro- bind in the absence of gstP (lane 3 of each panel) con-
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(29) with no intervening nonrequired sequences. There-
fore, these two related viruses seem to differ in the spa-
tial distribution of the P binding sites on the nucleocapsid
protein.
One of the characteristic features of the N proteins of
several (0) strand RNA viruses, including MV N, is that
they self-assemble into nucleocapsid-like particles when
the proteins are expressed in the absence of other viral
proteins (10–12). This shows that N–N interactions occur
even in the absence of viral RNA synthesis. Buchholz et
al. (30) showed that Sendai virus NP protein forms nucleo-
capsid-like structures which sediment through glycerol
and band like authentic nucleocapsids on CsCl gradients.
We used these methods to map the N oligomerization
site(s) on the MV–N deletion mutants. VVT7-infected cells
were separately transfected with each WT or mutant N
plasmid, labeled with Tran35S-label and cytoplasmic ex-
tracts were prepared. The WT N, ND4–119, ND120–188,
ND399–455, and ND374–492 proteins all pelleted
through 30% glycerol (Fig. 4) and, therefore, formed some
kind of multimeric aggregate. The mutant proteins in this
analysis have similar apparent molecular weights since
the electrophoresis time and gel system were different
than that in Fig. 3. In contrast, the mutants ND189–239,FIG. 3. Complex formation of the gstP protein with the N deletion
mutants. A549 cells were infected with VVT7 and transfected with each ND304–331, and ND323–373 did not pellet under these
mutant N plasmid (5 mg) in the absence or presence of MV p-gstP (5 conditions (data not shown) and, therefore, apparently
mg) as indicated at the top. The cells were labeled with Tran35S-label
and cytoplasmic extracts prepared as in Fig. 1. Samples were immuno-
precipitated with rabbit a-MV sera (IP) or bound to glutathione–Sepha-
rose beads (B) and the IP and B samples analyzed on 12.5% SDS–
PAGE gels for 1500 volt hours. The B samples were exposed to X-ray
film three times longer than the IP samples. The position of the gstP
protein is indicated on the left. The positions of the mutant N proteins
are indicated by the asterisks in each panel.
firming the specificity of the interaction. The slight differ-
ence in migration of some of the proteins in the immuno-
precipitated and bead bound samples results from their
analysis on different regions of the gels.
These data are summarized in Fig. 2 and suggest mini-
mally that the P binding site on N protein encompasses
two noncontiguous regions, the N-terminal 4–188 amino
acids and amino acids 304–373. These are interrupted
by one region, amino acids 189–239, that was not re-
quired for P binding, and a second region, amino acids
240–303, that appeared to be required for the overall
stability of the protein, with an unknown contribution to
the P binding site. Consistent with the data presented
FIG. 4. Sedimentation of WT and mutant N proteins through glycerol.here, it was previously shown that a monoclonal antibody
VVT7-infected A549 cells were transfected with either no plasmid
to the N-terminal 23–239 amino acids of the MV N pro- (mock), or separately with 5 mg of WT pBS–N, pND4–119, pND120–
tein inhibited N–P complex formation (26). Furthermore, 188, pND374–492, or pND399–456 as indicated at the top. The cells
were labeled with Tran35S-label for 18 hr post-transfection. Cytoplasmica study mapping antigenic determinants on N protein
extracts were prepared in MV salts plus 0.25% NP-40 (300 ml) andalso found the N-terminal region of N to be accessible
pelleted through 30% (w/v) glycerol in 10 mM HEPES, pH 8.0, in theon the surface of the protein (27 ). In studies on the Sen-
SW55 rotor at 50,000 rpm for 90 min at 47. The pellets were resuspended
dai NP protein extensive deletion analysis showed that in RIPA buffer, immunoprecipitated with a-MV sera, and analyzed by
amino acids 1–400 of this protein are all important for 10% SDS–PAGE for 950 volt hours. The positions of the proteins are
indicated by the asterisks.both NP–P complex formation (28) and RNA replication
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5B) with a density of 1.31 gm/cc, like that of authentic
viral nucleocapsids (23). Only ND399–456 (Fig. 5E) had
a pattern similar to WT N and formed nucleocapsid-like
particles banding mainly in fraction 5. Mutants ND4–
119, ND120–188 (Figs. 5C and D, respectively) and
ND374–492 (not shown) were distributed through frac-
tions 1 to 5 with a relatively small amount in fraction 5.
These data suggest that instead of organized nucleocap-
sid-like particles these proteins form variably sedi-
menting unstructured aggregates, which is consistent
with the glycerol sedimentation data. These data to-
gether (summarized in Fig. 2) show that the N-terminal
398 amino acids are required for the formation of orga-
nized nucleocapsid-like particles, but deletions of a sub-
set of regions, amino acids 4–188, 374–399, and 456–
492, yield other forms of N–N interactions. The latter
cases probably represent only a subset of the interac-
tions needed for complete nucleocapsid assembly. Alter-
natively, nucleocapsid-like particles may initially form
with the latter mutants, but might be unstable due to
the weakened or incomplete interactions. This domain
structure for the self-assembly of MV N protein is very
similar to that reported for the Sendai NP protein, where
amino acids 1–399 are required for NP assembly into
nucleocapsid-like structures, while deletion of either
amino acids 1–82 or amino acids 385–399 results in the
formation of unstructured aggregates (30).
FIG. 5. Banding of self-assembled WT and mutant N proteins on
One of the characteristics of several paramyxovirus PCsCl gradients. VVT7-infected A549 cells were transfected with either
proteins is that they also bind to the assembled form ofno plasmid (A), or separately with 5 mg of WT pBS-N (B), pND4–119
the N/NP protein, that is to authentic nucleocapsids or(C), pND120–188 (D), or pND399–456 (E). The cells were incubated
for 18 hr post-transfection. Cytoplasmic extracts were prepared in MV nucleocapsid-like particles (31–33), as well as to soluble
salts plus 0.25% NP-40 (300 ml) with 10 ml saved for total protein deter- N/NP. We tested if measles P protein can bind nucleocap-
mination and the remainder banded by centrifugation on a CsCl step
sid-like particles assembled from the mutant ND399–456,gradient with 1.4 ml each of 20% CsCl, 30% CsCl, and 40% CsCl as
which is the only deletion protein that formed such parti-described previously (30). Fractions (0.714 ml) were collected, and sam-
cles (Fig. 5). The nucleocapsid-like particles assembledples (35 ml) were separated on a 10% polyacrylamide–SDS gel and
blotted to nitrocellulose. The blots were incubated with a-MV sera and from WT N and ND399–456 were purified by sedimenta-
the proteins visualized by chemiluminescence (ECL, Amersham Life tion through glycerol and incubated with a P protein ex-
Science) according to the manufacturer’s protocol. The first lane in
tract. The samples were subjected to centrifugationeach is the total (T), with fractions 1 to 7 from the top to the bottom of
through glycerol and the pellets analyzed by immunopre-the gradient, respectively. The position of the WT and mutant N proteins
cipitation. A small fraction (10% of the total) of the Pare indicated on the left and marked by asterisks.
protein pelleted in the absence of nucleocapsids, but the
amount of pelleted P significantly increased (threefold)
in the presence of both WT N- and ND399–456-derivedcould not form N–N interactions. These data show that
just the central portion of the N protein, amino acids 189– nucleocapsid-like particles (data not shown). These re-
sults show that MV P protein does bind ND399–456 nu-373, is essential for this form of N–N binding.
To further analyze the nature of the interactions formed cleocapsid-like particles and suggest that amino acids
399–456 are dispensable for binding. It has been postu-by the rapidly sedimenting deletion mutants, unlabeled
proteins were expressed in the mammalian expression lated from a variety of data that the C-terminal 124/125
amino acids of assembled Sendai and MV N proteins aresystem and analyzed by banding on CsCl gradients. Frac-
tions were collected, and the proteins were separated accessible on the surface and contain a P binding site
(27, 34 ). With Sendai NP it was shown directly that the C-by SDS–PAGE and analyzed by Western blot analysis
with a-MV sera. The analysis of mock transfected cells terminal amino acids 440–524 are required, while amino
acids 400–439 are dispensable for P binding to nucleo-showed the presence of a few nonspecific bands (Fig.
5A) which are also seen in each panel. As had been capsid-like particles (32). Similarly we would predict for
MV N that amino acids 457–525 may be required, sincepreviously reported (11, 12), WT N protein formed nucleo-
capsid-like particles that banded mainly in fraction 5 (Fig. amino acids 399–456 are not.
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